Abstract-A simple but efficient method is investigated for predicting electromagnetic interference between antennas on vehicles. By modeling the vehicle body with a conducting wedge, the geometrical optics and uniform theory of diffraction are used to predict the interference power. Comparisons show that the interference power can be accurately predicted with only four dominating rays taken into account. The presented method is validated by measurements in typical environments. A further investigation of various parameters considered in predictions is also presented. Based on the proposed method, the interference power can be easily predicted just in MATLAB instead of the time-consuming full-wave simulation of the entire large-scale structure.
INTRODUCTION
In modern transportation, with the application of intelligent traffic management and traffic safety enhancement, more and more antennas are used on vehicles. The transmitted power from these antennas is likely to interfere with other vehicles nearby, causing the problem of electromagnetic interference (EMI). With the rapid development of intelligent vehicle and self-driving, the issue of EMI from antennas on vehicles should be taken seriously.
The authors of [1] investigate the RF exposure inside and outside a cabin in details by considering the vehicle body as a cavity. The approach of eigenmode analysis is adopted, and it requires less computational resources. In [2, 3] , the reciprocity theory is used to predict the interference, which significantly reduces the computation time. In [4] [5] [6] [7] [8] , the researchers focus on estimating interference on a complex platform. The issue of EMI from vehicles in oncoming lanes is discussed in [9] . The two-ray theory (direct and ground-reflected rays) is used to calculate the interference. That means only the effect of the ground on wave propagation is considered; the effect of the platforms (vehicles) on wave propagation is ignored. In [10] , the problem of EMI in several typical road traffic scenarios is investigated. In addition to the direct ray, the reflected rays induced by ground and cars on the road are also considered. Similarly, the effect of the transmitting and victim platforms on wave propagation is not included.
In this paper, we investigate the issue of EMI between antennas on vehicles based on the geometrical optics (GO) and uniform theory of diffraction (UTD), which includes the effect of platforms and ground environment. The platform is modeled by a conducting wedge, and the ground environment is modeled by its corresponding constitutive parameters: relative permittivity ε r and conductivity σ. We compare the results using seven rays with the results only using the dominating four rays and find that the use of four rays is adequate enough to predict EMI. The presented four-ray model is validated by measurements in two typical environments. After validating the presented method, the influence of vehicle height, antenna height, ε r , and σ on the received interference power is also studied.
METHOD AND VALIDATION
For simplicity and without loss of generality, a dipole mounted on the middle of a van is assumed to be the transmitting vehicle, and the victim vehicle has the same configuration. Figure 1 presents geometry view of ray paths. The width and height of the van are W v and H v , respectively; H a denotes antenna height above the roof; d is the distance between the vans. The van body is modeled by a conducting wedge with the interior angle to be 90 • . It can be seen that the following four rays: direct ray T R, ground-reflected ray T OR, roof-diffracted ray T Q 1 R, and roof-diffracted ray T Q 2 R are considered in Figure 1(a) . Additional three second-order rays are shown in Figure 1(b) , which includes roof-diffractedground-reflected ray T Q 1 O 1 R, ground-reflected-roof-diffracted ray T O 2 Q 2 R, and double diffraction ray Assuming that the transmitted electric field is E 0 , the total received field at the victim vehicle using GO and UTD can be found. For four-ray situation, the total received field is
For seven-ray situation, the total received field is
The fields of direct ray E d , ground-reflected ray E r , roof-diffracted ray E df 1 , roof-diffracted ray E df 2 , roof-diffracted-ground-reflected ray E df −r , ground-reflected-roof-diffracted ray E r−df , and double diffraction ray E ddf can be expressed as 
where k is the wavenumber in free space,
, and D 2 (Q 2 ) are the dyadic diffraction coefficients [11] , R g1 , R g2 , and R g are the ground reflection coefficients which depend on the angle of incidence, ε r , and σ [12] . For vertical polarization the ground reflection coefficient can be expressed as
where x = σ/ωε 0 , ω is the angular frequency, ε 0 the dielectric constant of free space, and α the angle of incidence. Assuming that the ideal received power at the victim antenna in free space is P 0 , in far-field condition the relationship between the transmitted power P T and the received interference power in real environment is given by
where E RT = E RT 1 for four-ray situation, E RT = E RT 2 for seven-ray situation, E 0 is the field strength at the victim antenna in free space, λ the wavelength in free space, G T the transmitting antenna gain in the direction of the victim antenna, and G V the victim antenna gain in the direction of transmitting antenna. As a result, the received interference power in decibels can be expressed as
We next investigate the performance of the presented method. Full-wave simulations are carried out to confirm the validity of the proposed method. A full-wave solver of FEKO [13], using the method of moments (MoM) is employed to solve the large-scale problem discussed in this paper. Representative antennas such as omnidirectional dipole and directional microstrip patch antenna are considered. The profiles of both antennas are displayed in Figure 2 antenna in simulations. Note that (12) is valid for far-field. The distance d between the two vehicles should be larger than three wavelengths for wire antennas and 2D 2 /λ (D is the maximum overall dimension) for patch antennas to satisfy the far-field condition. Hence, in this paper d is performed starting at 10 m. The predicted results using four-ray and seven-ray theory are shown in Figures 2(c) and (d). The predicted results using two-ray theory are also shown for comparison. The value of 0 dBm is assumed at the transmitting antenna; the average ground (ε r = 15 and σ = 0.005 S/m) [12] is adopted to determine the ground reflection coefficients. Compared to the results using four rays, the seven-ray model has negligible effect on the prediction accuracy. That means a larger number of rays will not change the prediction. It can also be seen that the use of two-ray model is not accurate enough for prediction especially at large distance and an improvement of about 5 dB can still be obtained. Clearly, the interference power can be predicted by means of four-ray theory. From Figures 2(c) and (d), it is observed that the FEKO simulations show good agreement with the theoretical lines for both antennas.
The difference between the proposed method and full-wave simulation could be because the mesh size used in full-wave simulation is slightly coarse. In order to reduce the computation time and memory costs, the mesh size is 1/4th of wavelength as full-wave simulations require huge computational resources to solve this electrically large problem. Measurements are conducted to further verify the proposed four-ray method. The performance of the proposed four-ray model is tested in two different environments: concrete road and wet ground. The real pictures of measurement sites are shown in Figure 3 . Two vans with 5.4 m in length, 1.85 m in width, and 3 m in height are used. In measurements, a dipole, a signal generator, and a high power amplifier are used in the transmitting vehicle. The gain of the omnidirectional dipole at 450 MHz is 2.1 dB, and the transmit power is 35 dBm. In the victim vehicle, a directional log-period antenna (LPDA) with a gain of 4.3 dB at 450 MHz is used. These two antennas are chosen as they exhibit different radiation pattern. In measurements, the antennas are placed with 0.8 m above the roof and the LPDA is oriented with its maximum radiation direction toward the dipole. The interference power is measured by means of a spectrum analyzer. Due to the limitation of the measurement sites, the maximum distance measured is 200 m. The predictions using the four-ray approach are calculated based on the following two sets of constitutive parameters: ε r = 2.35 and σ = 0.003 S/m; ε r = 25 and σ = 0.02 S/m for concrete road and wet ground, respectively [10, 12] . Figures 4 and 5 show the measured and predicted interference power. We can see that the predicted results closely match the measured results. These slight discrepancies between the measurements and the theoretical results can be attributed to three factors. First, we do not know exactly the relative permittivity and conductivity of the ground in measurements. Second, the ground is not perfectly smooth and scattering is inevitable. Third, there exist electromagnetic emissions from unintentional sources outdoors as the electromagnetic environment in measurement is not pure. From the data shown in Figures 4 and 5 , it can be concluded that the presented four-ray model is suitable for EMI prediction. 
PARAMETRIC STUDIES
After validation of the proposed four-ray method, four parametric studies are presented. First, the effects of vehicle height (H v ) and antenna height (H a ) on the interference power are studied. The second study emphasizes the effects ε r and σ on the interference power.
Effects of Vehicle Height and Antenna Height
The effects of varying H v and H a on the received interference power at the victim antenna are shown in Figures 6 and 7 . Figure 6 shows the interference power for a range of H v and H a = 0.4 m; Figure 7 shows the interference power for a range of H a and H v = 1.5 m. It should be pointed out that there exists a critical distance d c . Before that, the ground-reflected ray vanishes. From Figure 1 , geometry
Hence, for d < d c , the total received field at the victim antenna is Figures 6 and 7 , it is interesting to note that there also exists the break point [15] for the proposed four-ray situation. This is mainly because the contributions of the roof-diffracted rays E df 1 and E df 2 are relatively small when compared to the direct and ground-reflected However, after d b , the curves of interference power intersect as d increases. This is mainly due to the contributions of the roof-diffracted fields which are quite different for various H a . As d further increases, the interference decreases rapidly again. In short, the interference power decreases with increasing H v and H a at large distance.
Effects of Relative Permittivity and Conductivity
As can be seen from Eqs. (1), (4) and (12), the interference power is closely related to the ground reflection coefficient which is dependent of ε r and σ. Thus, it is instructive to investigate the influence of ε r and σ on the received interference power. Different ground environments may have different ε r and σ. For example, ε r is varied from 4 to 7 and σ = 0.001 S/m for dry ground; ε r is equal to 81 and σ = 5 S/m for sea water [12] . To investigate the influence of ε r and σ on the interference power, a wide range of ε r and σ is used. ε r is varied from 2 to 82, and σ is varied from 0.001 S/m to 5 S/m. Figure 8 shows interference power for various ε r with σ = 0.01 S/m. It is observed that the interference power decreases with increasing permittivity around the break point. However, for large distance (near-grazing incidence), the relative permittivity has little effect on the interference power. Figure 9 shows interference power for various σ with ε r = 15. It can be seen that the interference power decreases with increasing conductivity. We also find that the interference power nearly remains unchanged for small values of conductivity varying from 0.001 to 0.1 S/m. This is mainly because small values of conductivity have very little effect on the ground reflection coefficient, which can be easily found from (10) . Similarly, the effect of conductivity is not significant for large distance. This phenomenon can also be explained using (10) . Note that the angle of incidence α is nearly zero for large distance. Hence, for near-grazing incidence the ground reflection coefficient is equal to −1, and the permittivity and conductivity do not affect the received interference power. Interference power for various conductivities.
CONCLUSION
In this paper, based on theoretical analysis and measurements, we find that the presented four-ray model can predict electromagnetic interference between antennas on vehicles accurately. The relationships between the interference and the vehicle height, antenna height, relative permittivity, and conductivity are also studied. These parameters affect the interference power in different ways. The presented method can be easily used in practice for EMI prediction in various environments.
